I. INTRODUCTION
ZnO is a promising material for a wide variety of device applications ranging from optoelectronics to piezoelectricity and spintronics. [1] [2] [3] [4] In this respect, the growth of films with device-worthy structural, optical, and electrical properties becomes crucial, and homoepitaxy represents a fascinating choice. In recent years, due to the commercial availability of high quality ZnO single crystal substrates, several studies on ZnO homoepitaxy have been published. However, up till now, among all the techniques investigated, the main focus has been on films deposited by plasma-assisted molecular beam epitaxy (PA-MBE), [5] [6] [7] metalorganic vapor-phase epitaxy (MOVPE), [8] [9] [10] chemical vapor deposition (CVD), 11 pulsed-laser deposition (PLD), 12, 13 and atomic layer deposition (ALD); 14 for a review, see, for example, Ref. 15 and references therein. On the other hand, magnetron sputtering has been extensively investigated for obtaining polycrystalline transparent conductive oxide (TCO) films based on ZnO, 16 while less work has been devoted to sputtering based ZnO homoepitaxy. [17] [18] [19] [20] As an example, films with $40 arc sec 00.2 rocking curve full width at half maximum (FWHM) have recently been obtained by Radio Frequency (RF) sputtering on prebaked Zn face of hydrothermally grown (HT) ZnO wafers at a substrate temperature 500 C. 18 Another study indicated that substrate temperatures of $800 C are necessary to obtain similar rocking curve FWHMs on films with comparable thickness. 19 Further, contradicting results on the surface polarity role have been reported suggesting a higher crystal quality, in terms of 00.2 rocking curve FWHMs, for depositions on the Zn-face, 19 the O-face, 20 or almost no polarity dependence. 17 Beside the structural characteristics of the films, their stoichiometry and structural defects are also key properties from a technological point of view; however, so far, little attention has been paid to these aspects.
In this study, it is shown that homoepitaxial single crystal stoichiometric ZnO films can be grown by RF-sputtering on the Zn face of HT ZnO wafers at 400 C, using previously optimized deposition parameters for glass substrates. 21 Structural, crystallographic, and compositional analysis of the grown layers provide evidence of different optimum deposition conditions between O-and Zn-face, consistent with a polarity dependence of the growth mechanisms.
II. EXPERIMENTAL DETAILS
A commercially available 1 Â 1 cm Tokyo Denpa HT wafer double sided polished and with a nominal resistivity equal to $75 X cm was divided into two 1 Â 0.5 cm pieces used for Zn and O face deposition and labeled hereafter as samples A and B, respectively. These two samples are part of a study based on a batch of 14 samples in total. 22 Afterwards, acetone, ethanol, and deionized water cleaning was performed for 5 min each sequentially, prior to loading them simultaneously into a Semicore Tri-axis Multi Source Sputtering System balanced magnetron sputtering deposition system. As ZnO source, a 99.99% pure ZnO ceramic target mounted on a RF-powered 3 in. cathode was used, and the target to substrates distance was set equal to $11 cm. The ZnO substrates were placed on a quartz support corresponding to a sample floating potential condition. The sample chamber was evacuated to a base pressure of $6 Â 10 À7 Torr. After reaching the desired deposition substrate temperature of 400 C, 99.999% pure Ar was introduced to a pressure of $17 mTorr. The film deposition was performed by keeping the ZnO cathode power at 50 W and the rotation of the sample stage at 12 rpm. A pre-sputtering time of 10 min for cleaning the target was performed, and subsequently, the shutter was opened. The deposition lasted 5 h corresponding to an expected film thickness of (560 6 30) nm on glass substrates according to a previous work. 21 The cathode voltage during deposition was constant at a level of (177 6 1) V.
The sputtered thin films were analyzed by Rutherford backscattering spectrometry in channeling (RBS/C) and random mode (RBS/R) with 3.085 MeV 4 He þþ ions incident along the [00.1] direction and a Si surface barrier based detector positioned at 165 relative to the incident beam direction. The energy of the incident 4 He þþ ions was selected in order to exploit the O resonance 23, 24 and accurately verify the stoichiometry of the films. A 1 Â 1 mm 2 beam size was used, the detector resolution was 15 keV and no bias was applied to the samples. The stoichiometry of the grown layers was determined by comparing the deposited layers RBS/R spectra with those of a single crystal ZnO wafer, anticipated to be stoichiometric. In addition, from the RBS/C and RBS/R measurements, the minimum yield, v min was extracted as well. Finally, the RBS spectra channel width was converted to Zn depth using the stopping power given by the SRIM code 25 and assuming the ZnO atomic density equal to 8.3 Â 10 22 cm
À3
. The structural quality of the samples was investigated with a Bruker AXS D8 Discover X-ray diffractometer (XRD) and a High Resolution Philips X'Pert Diffractometer (HXRD) by using the CuKa 1 line selected by a 2 and 4 bounce Ge(022) asymmetric monochromator placed on the primary beam side, respectively. The 2H -x scans shown were acquired with a position sensitive detector (LynxEye) utilized in the 1D mode (virtual receiving slit size ¼ 75 lm), while for the transverse x-scan, a three bounce Ge(220) analyzer in the diffracted path was used. Further, in double axis geometry, the Philips X'Pert diffractometer utilized a 1/4 receiving slit placed in front of the detector to record reciprocal space maps (RSM). Line profiles were fitted with a Voigt function. The full width at half maximum (FWHM V ) of the Voigt functions given in Sec. III has been corrected for the instrumental broadening according to the procedure outlined in Ref. 26 .
Transmission electron microscopy (TEM), high resolution transmission electron microscopy (HR-TEM), and scanning transmission electron microscopy (STEM) were carried out on a JEOL 2100F instrument equipped with a field emission gun and operated at a 200 kV acceleration voltage. Cross-sectional TEM samples were prepared by mechanically polishing the films into wedge samples having a $5 angle using an Allied tripod polisher, followed by $2 h of Ar ion beam milling at low temperature (À168 C) using a Gatan 691 Precision Ion Polishing System (PIPS) operated at 3.5 keV.
Finally, the samples and substrates surface morphology was investigated by Atomic force microscopy (AFM) measurements performed with a Veeco D3100 microscope running in tapping mode. The root mean square (RMS) surface roughness was deduced by averaging four 2.00 Â 2.00 lm AFM amplitude images taken at different positions of the samples surfaces.
III. EXPERIMENTAL RESULTS
A comparison of RBS/R spectra of samples A and B and of a single crystal ZnO wafer acquired in random geometry is shown in Fig. 1(a) . The results confirm that samples A and B are stoichiometric within the experimental accuracy (61 at. %). The stoichiometry of the epilayers was also confirmed by simulated curves to the experimental spectra using the SIMNRA code 27 (not shown) even though, this is only indicative because of the uncertainty of the non-Rutherford 28 The RBS/C results for the A and B samples are shown in Fig. 1(b) , together with the RBS/R of sample A. The extracted v min equals $3% and $12% for samples A and B, respectively, as summarized in Table I . The former value is similar to that ($2%-3%) typically recorded for single crystal HT ZnO wafers purchased from the same vendor. 29 Hence, the RBS/C measurements are suggesting a film crystalline quality of sample A comparable to that of the substrate, while for sample B, the higher v min and larger dechanneling vs Zn depth indicate a more defective epilayer. In addition, Fig. 1 (b) reveals no bulk to film interface change in the slope of the RBS/C spectra for sample A, but for sample B, it occurs at a Zn depth of $400 nm. Here, also the small peak in the yield may suggest a defective filmsubstrate interface. This indicates that the film deposited on the O-face is $160 nm thinner than expected using glass substrates. This difference will be discussed in detail in Sec. IV. In Fig. 2 , 2h -x scans of the 00.2 reflection are shown, and for sample A, the film related peak overlaps closely with the substrate one implying equal lattice constants in the c-direction. In contrast, for B, a distinct film peak is observed $0.25 below the substrate signal, thus indicating a unit cell elongated in the c-direction. In Fig. 3(a) , results from transverse x-scans corresponding to the 00.2, 00.4, and 00.6 peak positions are shown for sample A. A FWHM V of the Voigt function describing the 00.2 transverse x-scan, after eliminating the instrumental broadening, is extracted and found equal to (70 6 10) arc sec. This is to be compared with a starting Zn-as well as O-face FWHM V within (20 6 10) arc sec as measured on a substrate of the same batch and in agreement with what was previously reported by the vendor. 30 The value found for sample A here is similar to that previously obtained by RF-sputtering on substrates kept at $800 C and comparable to the values recently reported for films obtained by MOVPE, PLD, and PA-MBE, typically in the $20-40 arc sec range. 10, 19, 31 The peak widths in the transverse x-scans are much broader for sample B, as can be seen in Fig. 3(b) , and indicating a poor crystal quality of the grown epilayer. This is consistent with the RBS/C results. In addition, a close look on TABLE I. v min , FWHM V of the 00.2 rocking curves fitted with a Voigt function, lattice parameters, lateral correlation length, L k , and angular tilt misorientation, a tilt , for samples A and B. In the case of L k and a tilt the values in parentheses are the ones obtained by the single 00.2 transverse x-scan profile analysis described in Ref. 37 . 4 , and 00.6 transverse x-scans for samples A and B in (a) and (b), respectively. In both cases, the curves are displaced along the intensity axis for clarity, and the Voigt functions used to model the experimental data are indicated by solid lines (two Voigt functions centered in Dx equal to 0 have been used to fit the 00.2 peak in the case of sample B). Note that the large maximum and dynamical intensity difference between samples A and B is related not only to the superior crystal quality of the former, but also to the presence of an overlapping substrate contribution. the 00.2 data in Fig. 3(b) actually reveals the existence of two contributions: a broad diffuse component and a sharper one with a FWHM V of (1400 6 100) arc sec and (150 6 40) arc sec, respectively. Furthermore, at the higher orders of reflection, the sharp component vanishes. The presence of two components in the 00.2 transverse x-scan can be related to: (i) a substrate surface related streak overlapping with the film signal, 32 (ii) an unconventional mosaic structure of the film with the single crystallites coherently scattering the X-rays because of a long range order due to the substrate film interfacial interactions. 33 In the latter case, the specular component is attenuating at high reflection orders due to the residual disorder present, whereas in the former case, it disappears due to the increasing angular distance between the substrate/film peak positions. Both interpretations are consistent with the results obtained, and further measurements are necessary to distinguish between the two physical mechanisms. Here, it is also worth pointing out that rocking curves showing similar characteristics have also been reported for ZnO films grown by PA-MBE on c-sapphire substrate. 34 In this case, interfacial degradation due to the large lattice mismatch to the substrate was discussed as a possible reason for the double peak feature. However, in our case, the absence of a double peak for the high order reflections excludes the occurrence of a two region structure along the growth direction, as expected, since no lattice mismatch is present. In the following, the broad diffuse component FWHM V is taken as a figure of merit of the crystallographic quality of sample B and used to extract relevant film characteristics.
For transverse x-scans corresponding to symmetric reflections, the averaged lateral correlation length, L k , is independent on the scattering vector, Q. On the other hand, the angular tilt misorientation, a tilt , causes a broadening (in arcs) in the reciprocal space and is therefore proportional to Q. Hence, a Williamson-Hall like plot 35 can be utilized to separate L k and a tilt . By considering the relations linking the angular space coordinates to the reciprocal space ones, a Williamson-Hall like plot will, in this case, become: b Â (sin h)/k vs. sin h/k, where b is the transverse x-scan integral breath expressed in rad, h the corresponding Bragg angle, and k the CuKa 1 wavelength. Then, a tilt corresponds to the slope of the linear dependence, while L k can be extracted from the intercept with the ordinate, y 0 , according to the relation L k ¼ 1=2y 0 . 36 The resulting Williamson-Hall like plots for samples A and B, obtained by using the b of the Voigt function modeling the x-scan presented in Fig. 3 , are shown in Fig.  4 . As given in Table I , L k and a tilt are found equal to $2.5 lm and (90 6 10) arc sec for sample A and to (120 6 30) nm and (1300 6 100) arc sec for sample B. In order to substantiate these values, which suffer from a low signal to noise ratio for the high-order reflections of sample B, also a single 00.2 transverse x-scan profile analysis has been performed. 37 According to this analysis, the Voigt function is related to L k and a tilt via the Lorentzian and Gaussian component of the peak, respectively, assuming a random distribution of mosaic blocks around the growth direction. 37 A fairly good agreement between the two methods is found for both samples, as illustrated in Table I . The values of a tilt for sample A are comparable to those reported ($20 arc sec) for ZnO layers grown on c-sapphire by PA-MBE utilizing a MgO/ZnO buffer bilayer followed by annealing at 750 C prior to the ZnO film deposition. 34 Similarly, also the large L k $ 3 lm confirms the good crystallographic property of sample A. On the other hand, for sample B, both a tilt and L k are in the range of the values generally reported for heteroepitaxially grown ZnO layers.
34,38,39
The RSM results of the asymmetrical À10.5 reflection are shown in Figs. 5(a) and 5(b). For sample B, the film node is clearly separated from the substrate peak and occurs at smaller Q y . The elliptic shape of the ZnO node is elongated along the Q x axis, indicating that the dominant broadening is due to the limited lateral correlation length, L k . 40 In contrast, no distinct epilayer peak occurs for sample A, see Fig. 5(b) , consistent with the symmetrical reflection shown in Fig. 2 . Furthermore, a factor of $3 reduction both in the Q x and Q y extension of the signal tails is observed, corroborating the overall better crystal quality of sample A relative to sample B. From the À10.5 asymmetrical scans shown in Fig. 5 and the 2h -x scans 00.6 peak position (not shown), the lattice constants a and c have been evaluated and are listed in Table I . Corrections for refraction effects due to the difference in refractive index between the sample and air, have been omitted in these calculations. 32 Here, it is interesting to notice that the a lattice constant is identical for the two samples within the experimental errors, while for sample B, the c lattice constant is found $0.7% elongated with respect to the substrate/sample A, as already discussed.
Figs. 6(a) and 6(b) show selected area diffraction patterns (SAED) of the samples A and B, respectively. A sharply defined spot pattern is observed for both samples consistent with single crystalline homoepitaxial layers. HR-TEM images of the substrate-film interface taken along the a-axis reveal a more defective interface in sample B (Fig. 4(d) ) compared to sample A (Fig. 4(c) ). In addition, the presence of threading dislocations originating from the substrate-film interface and reaching the surface has been revealed by twobeam bright field imaging close to the m-axis in sample A, as shown in Fig. 6(e) . Diffraction contrast analysis suggest that the Burgers vector, b, of these defects are of edge-type and parallel to the {11.0} directions. The presence of these 
015304-4
Schifano et al. J. Appl. Phys. 121, 015304 (2017) dislocations confirms that the film is a relaxed single crystal layer and they have been reported as the most abundant type of threading dislocations in PA-MBE grown ZnO films deposited on c-sapphire with and without a MgO buffer layer. 34 It is important to note that such pure edge dislocations will affect only (hk.l) planes with at least h or k nonzero, i.e., the FWHM V of the transverse x-scans corresponding to symmetric reflections in Fig. 3(a) will not be influenced and hence not reveal the presence of the pure edge dislocations. A similar analysis of sample B did neither unveil any distinct dislocations, see, for example, Fig. 6(f) where the TEM image along the a-axis is shown, nor evidence for other extended defects, like basal stacking faults. Note also that a comparison between these two cross sectional two-beam bright field images (Figs. 6(e) and 6(f)) reveals a substantial difference in thickness between the epilayers grown on the Zn face (sample A $ 800 nm) and the O face (sample B $ 400 nm). This occurs despite that the two layers were prepared simultaneously and is far beyond the $5% thickness fluctuations observed for previous polycrystalline films. 21 Furthermore, in both cases, the film thicknesses deviate significantly from the expected one of $560 nm, based on films deposited on glass substrates using the same growth conditions. 21 Comparison of the TEM cross section images of the films with those of the substrates reveals that sample B exhibits a darker contrast than the bulk (see Fig. 6(f) ). Further investigations based on STEM analysis using high angle annular dark field (HAADF-STEM) imaging reveal a higher atomic number (Z) contrast with respect to the substrate, Fig. 7 . This indicates a slightly Zn rich and/or denser layer, leading to the darker appearance in the TEM cross section image (Fig. 6(f) ). Comparison with the RBS/R results suggests that in the former case the Zn excess has to be within the measurement accuracy of Շ1 at. %. In addition, a close look to the sample B cross section HAADF-STEM images reveal subtle contrasts variations. This may point to non-homogeneity in the composition and/or to slightly denser areas due to strain within the layer as well as close to the substrate interface. However, no evidence for the FIG. 5 . Reciprocal scan maps, RSM, relative to the À10.5 reflection for sample A and B. Note that the scale for sample B is a factor 4 larger in each direction than that of sample A, while the absolute differences in intensity involve the use of a two bounce hybrid Ge(220) monochromator and a double axis geometry with a 1/4 receiving slit placed in front of the detector for samples A and B, respectively. presence of Zn precipitates has been found. On the other hand, no significant Z-contrast difference is observed between the substrate and the epitaxial layer of sample A. This is in agreement with the superior quality of sample A with structural characteristics closer to those of the substrate, as presented above. On the contrary, Zn excess has been previously reported as substantially affecting the structural properties of ZnO single crystal epitaxial films 41 consistently with the poorer crystal quality of sample B observed here.
AFM measurements in tapping mode were performed on both the A and B samples prior and after the deposition. The surface of the bare wafer (not shown) appears to be atomically flat with no clear step and terrace structure and a root mean square (RMS) roughness equal to (0.3 6 0.1) nm and (0.2 6 0.1) nm for the Zn-and O-face, respectively, in agreement with what previously reported by the vendor. 30 On the contrary, the morphology of the deposited films result strikingly different, thus suggesting a growth mechanism diverse on the Zn-and O-face as shown in Fig. 8 , where two typical surface images are displayed. For sample A, large elongated grains of micrometer size with the presence of submicrometer features are clearly visible and a RMS surface roughness equal to (12.2 6 0.6) nm is obtained. For sample B, a smoother surface with a uniform distribution of more circular grains with diameter of $100 nm and (1.0 6 0.1) nm RMS surface roughness is observed. For both samples, the grain sizes measured by AFM are in fairly good agreement with the values of L k extracted from the XRD measurements, indicating that the surface morphology correlates with the underlying mosaic structure of the films.
IV. DISCUSSION
The results evidence striking differences in the crystal quality, crystallographic defects present, surface morphology, and even epilayer thickness depending on the surface polarity of the ZnO wafer used as a substrate.
Concerning the $400 nm thickness difference observed between samples A and B, epitaxial ZnO growth has been reported to depend significantly on the surface polarity in the case of PA-MBE depositions. 6 In fact, the observed difference in thickness follows the trend expected: on the O polar surface, Zn species are incorporated at the step edges, while on the Zn polar one, the Zn atoms are incorporated directly on the surface due to the three-bond configuration of the underlying O-layer. This results in a higher growth rate in the latter case and for amorphous substrates, like glass, yielding randomly oriented grains, an intermediate growth rate is anticipated. 42 Hence, the deviations from a polycrystalline ZnO film growth rate are fully consistent with an epitaxial growth regime, where a one to one correlation between the mass transfer and deposition rate does not apply. A high homoepitaxial deposition rate has also been observed in the related study where the RF-magnetron sputtered ZnO films, deposited on the Zn-face of ZnO single crystals, were compared with polycrystalline ones grown simultaneously on Si (100) RCA cleaned substrates. 22 In addition, the 3-dimensional growth observed for sample A (Zn face) by AFM suggests a too high Zn/O ratio, considering the low Zn mobility due to the three-bond configuration of the underlying O-layer. 6 In the case of Oface because of the step edges incorporation of the Zn species, the growth will be less affected by the Zn/O ratio. However, a reduction in island size from $3 lm to $200 nm with the Zn/O ratio increasing from 0.2 to 2 has been reported in Ref. 6 . This finding is in qualitative agreement with the submicrometer features observed here in Fig. 8(b) for sample B. Hence, using an optimal mixture of Ar and O as "working" gas is anticipated to further improve the film structural characteristics.
Sample A is found exhibiting a fully relaxed structure with edge-type threading dislocations parallel to the {11.0} directions. On the contrary, sample B is found to be $0.7% elongated in the c-direction, while there is in plane matching between the substrate and epilayer. This indicates that the film is not purely biaxially strained as generally found for polycrystalline magnetron sputtered ZnO films deposited on amorphous substrates 43 and it is specular to what was reported, for example, in the case of PLD grown ZnO on AlN. 44 Moreover, the HAADF-STEM imaging suggests that sample B is slightly Zn rich within the RBS/R accuracy of Շ1 at. % and/or denser. Since no evidence of extended defects is revealed by TEM, these results suggest a distribution of small size defects like single or clusters of point defects. They are presumably Zn related and anticipated to introduce hydrostatic strain, 45 contributing to the extension of the lattice in the c-direction. Here, it is worth noticing that similar c-lattice constant extension for DC-and RF-sputtered polycrystalline ZnO:Al films has been reported. 46 It was ascribed to O -ions (with energy in the 60À450 eV range) being implanted into the growing ZnO film with a subsequent formation of acceptor-like oxygen interstitials. The surface polarity is, however, expected to have minor effect on the amount of atoms, ions, or molecules peening/ implanted and in our case they are excluded as main reason for the striking differences between samples A and B.
Because of the lower growth rate (longer exposure time), the O-face is anticipated to be more affected by resputtering as well as surface atomic displacements produced by the bombarding ions. Therefore, during O-face depositions, a higher density of surface defects occurs, and they may play a major role being nucleation sites for the incorporation of excess Zn atoms at step edges. Hence, the growth process in itself may be enhancing the evolution of a more defective (strained) and/or denser as well as Zn rich epilayer on the O-face. Here, it is important to underline that the Zn rich structure of sample B cannot be attributed to the Zn rich growth conditions since the growth on the O face is almost independent on the Zn/O ratio, as discussed above. Moreover, in addition to a higher density of generated defects on the O-face, the nature of the defects is also likely to differ from that on the Zn-face. 47, 48 This will, indeed, affect the epitaxial growth mechanisms on the two faces. Further investigations with variable Ar gas pressure during the sputtering process should be pursued to elucidate the importance of the different physical mechanisms involved.
V. CONCLUSIONS
In conclusion, single crystal homoepitaxial ZnO layers were grown at 400 C by conventional RF-sputtering on both Zn and O polar faces of commercially available hydrothermally grown substrates. A FWHM V of the 00.2 transverse xscan (modeled as a Voigt function) as low as (70 6 10) arc sec was obtained for the Zn face film. These results together with a smooth epi-layer/bulk interface show that RF-magnetron sputtering is a viable alternative to more complex techniques like PA-MBE or MOCVD to grow epitaxial ZnO films of device-worthy quality on the Zn face. In contrast, a much broader FWHM V of the 00.2 transverse x-scan equal to (1400 6 100) arc sec for the layer deposited on the O-face has been measured with HAADF-STEM revealing a Zn rich and/or denser film. Further, the Zn-face film is relaxed exhibiting threading dislocations, while the O-face film is highly strained. These results imply two different optimal windows for the O and Zn-face homoepitaxial growth of ZnO films by RF-magnetron sputtering, linked to the polarity dependence of the growth mechanism.
Finally, the present study shows the prospective for RFmagnetron sputtered homoepitaxially grown ZnO layers of even higher crystallographic quality by further fine tuning of the deposition conditions.
